The host immune response to Mycobacterium tuberculosis is critical in preventing clinically evident disease following infection. Cell-mediated immunity is particularly important, and it is well documented that people with defective T-cell responses are at a higher risk for developing primary or reactivation tuberculosis. Consequently, there is general interest in determining which T cells are involved in antimycobacterial immunity, delineating their effector functions, and evaluating whether protective T-cell-mediated immunity can be induced by vaccination.
During the last decade, T cells that recognize lipid antigens and that are restricted by the CD1 family of antigen-presenting molecules have been identified (2, 3, 43, 48, 49) . The human CD1 locus encodes five proteins, CD1a, -b, -c, -d, and -e, which associate with ␤2-microglobulin and have an overall structural homology to class I major histocompatibility complex (MHC-I) proteins (47) . However, in contrast to MHC, CD1 molecules present lipid and glycolipid antigens to T cells. Evidence that CD1-restricted T cells participate in antimycobacterial immunity is accumulating. The group 1 CD1 proteins (CD1a, -b, and -c) present mycobacterial lipids including mycolates, lipoarabinomannan (LAM), and phosphatidylinositolmannosides (PIM) to human T cells (2, 3, 43, 49) . Not only do these T cells recognize the purified lipid antigens presented by CD1, but they also recognize these antigens after they are processed and presented by the CD1 pathway in macrophages infected with M. tuberculosis (53, 54) . CD1-restricted T cells can lyse M. tuberculosis-infected macrophages, and some CD1-restricted T-cell clones have a bactericidal effect that appears to be mediated by granulysin (53) . Last, CD1-restricted T-cell responses to mycobacterial glycolipid antigens can be detected in the peripheral blood of patients with active tuberculosis (44) .
Mice lack group 1 CD1 molecules but retain the group 2 CD1 genes CD1D1 and CD1D2 in their genome (47) . CD1d-restricted T cells are highly conserved in humans and mice and belong to a unique subset of T cells known as NKT cells, which are defined by their expression of NK cell markers and a T-cell receptor ␣␤ (TCR␣␤) of limited diversity (9) . In contrast to T cells restricted by group 1 CD1, CD1d-restricted T cells that recognize microbial antigens such as LAM have not been described (unpublished data; 10). This is consistent with our previous report and the findings of others that the absence of CD1d, and by extension CD1d-restricted NKT cells, does not impair survival of mice following intravenous infection with M. tuberculosis (5, 18, 51a) . Instead, many CD1d-restricted T cells recognize CD1d directly, most likely because of the presentation of endogenous self-lipid antigens (28) .
Murine CD1d-restricted T cells have been divided into two subsets. One subset uses a diverse TCR repertoire; the other uses an invariant TCR␣ chain encoded by V␣14 and J␣281 and usually pairs with TCR␤ chains belonging to the V␤2, -7, and -8 families (4, 25) . The latter NKT cell subset has been referred to as invariant NKT cells or classical NKT cells. Although it remains unclear whether these two T-cell subsets have different physiological roles, they differ significantly in their recognition of ␣-galactosylceramide (␣GalCer), an antigen originally isolated from marine sponges and not generally thought to be produced by mammalian cells or microbial pathogens (35) . The vast majority of diverse CD1d-restricted T cells do not recognize ␣GalCer, while, in contrast, both human and mouse invariant NKT cells recognize ␣GalCer presented by CD1d (4, 10, 28) . This has been established by using clonal T cells, both with CD1d ϩ antigen-presenting cells (APC) and purified CD1d protein in APC-free systems (28, 35, 52) . Following recognition of ␣GalCer in vitro, NKT cell clones and hybridomas are rapidly activated to proliferate, become cytotoxic, and secrete large amounts of cytokines, including gamma interferon (IFN-␥) and interleukin-4 (IL-4) (10, 52) . The situation in vivo is more complex, as the behavior of NKT cells following activation differs from that of classical CD4 ϩ and CD8 ϩ TCR␣␤ ϩ T cells. Instead of undergoing clonal expansion, invariant NKT cells stimulated in vivo with ␣GalCer rapidly produce cytokines and express activation markers such as CD69 and then disappear from the tissues where they normally reside, apparently as a consequence of activation-induced cell death (20, 39-41, 46, 56) . Following activation, NKT cells also down-regulate the NK1.1 antigen, which is a cell surface protein used to mark NKT cells in certain mouse strains (such as C57BL/6) but not others (including BALB/c and C3H/HeJ [C3H]) (15, 38) . Nevertheless, NKT cells activated in vivo by ␣GalCer have potent immunomodulatory effects. Within 24 h after ␣GalCer injection, B cells, T cells, and macrophages express activation markers, NK cells produce IFN-␥, and elevated serum cytokines are detected (10, 19) . Treatment with ␣GalCer in vivo can alter the Th1-Th2 balance of an immune response following antigen exposure. This secondary activation or transactivation of other immune cells is entirely dependent on the primary activation of NKT cells by ␣GalCer in a CD1d-dependent manner. In the absence of CD1d or invariant NKT cells, ␣GalCer does not induce any of the above phenomena. The ability of ligand-stimulated NKT cells to activate the various components of the immune system has led to the idea that CD1d-restricted NKT cells may function as immunoregulatory cells rather than as direct effector cells (11, 12) .
For all of these reasons, we were particularly interested in the observation by Apostolou et al. that granulomas were elicited when deproteinized M. tuberculosis was injected subcutaneously in mice (1) . Granuloma formation was dependent on invariant NKT cells, which accounted for the majority of infiltrating T cells. Purified mycobacterial cell wall glycolipids PIM and LAM were sufficient to induce these granulomas (1, 24, 42) . The recruitment of NKT cells to granulomas induced by mycobacterial lipid antigens suggests that NKT cells could play a role in antimycobacterial immunity under certain circumstances. Therefore, we considered the possibility that activated NKT cells may enhance immunity to tuberculosis, even though their absence does not impair resistance to tuberculosis. To test this hypothesis, we treated genetically susceptible inbred strains of mice with ␣-GalCer, a specific activator of CD1d-restricted invariant NKT cells (10, 35, 52) .
MATERIALS AND METHODS
Mice. Six-to 8-week-old female C3H, C57BL/6, BALB/c (CD1d ϩ/ϩ ), and BALB/c CD1d knockout (CD1d Ϫ/Ϫ ) mice were obtained from Jackson Laboratories (Bar Harbor, Maine). All mice were housed in a biosafety level 3 facility under specific-pathogen-free conditions in the Animal Biohazard Containment Suite (Dana Farber Cancer Institute, Boston, Mass.) and used in a protocol approved by the institution. BALB/c CD1d Ϫ/Ϫ mice were bred at our institution (51) .
Bacteria and infections. Virulent M. tuberculosis (Erdman strain) was originally obtained from Barry Bloom (Harvard School of Public Health, Boston, Mass.). The bacteria were passed through mice and subsequently grown once in Middlebrook 7H9 supplemented with the oleic acid-albumin-dextrose complex (Difco, Detroit, Mich.) and stored at Ϫ80°C. Prior to injection into mice, an aliquot was thawed, sonicated twice for 10 s with a cup horn sonicator, and then diluted in 0.9% NaCl-0.02% Tween 80. Mice were infected intravenously via the lateral tail vein with 0.25 ϫ 10 6 to 4.0 ϫ 10 6 live mycobacteria. The size of the inoculum was confirmed by plating an aliquot onto 7H10 agar plates (Remel, Lenexa, Kans.). Flow cytometry. Lung mononuclear cells (MNC) were washed in fluorescenceactivated cell sorter buffer (5% fetal bovine serum and 0.02% NaN 3 in phosphate-buffered saline [PBS]). A total of 10 6 cells per condition were stained with an isotype-matched control immunoglobulin G or antibodies specific for mouse CD3, CD4, CD8, CD22, or NK1.1 conjugated to fluorescein isothiocyanate, phycoerythrin, or CyChrome (all from Pharmingen, San Diego, Calif.) for 20 min on ice. Cells were washed and fixed overnight at 4°C in 1% paraformaldehyde in PBS. After being washed twice, the cells were analyzed with a FACSort (Becton Dickinson). Intracellular flow cytometry was used to detect the production of IFN-␥ by CD4 ϩ or CD8 ϩ T cells after a brief 3-h in vitro stimulation with phorbol myristate acetate (PMA) and ionomycin as previously described (13) . The FlowJo software program (Tree Star, Inc., Stanford, Calif.) was used to analyze the data.
Treatment with ␣GalCer. Kirin Pharmaceuticals generously provided ␣Gal-Cer in a vehicle of 0.5% polysorbate 20. Mice were treated on days 1, 5, and 9 following inoculation with M. tuberculosis except where noted otherwise. Based on a dose of 100 g/kg of body weight and an average body weight of 20 g, mice were injected intraperitoneally with 2 g of ␣GalCer-0.5 ml of PBS or the equivalent amount of vehicle in 0.5 ml of PBS.
CFU determination. For each time point, five infected animals per experimental group were analyzed. Lungs and spleens were aseptically removed from euthanized animals. Prior to removal, lungs were perfused by injecting 5 to 10 ml of sterile PBS into the right ventricle of the heart after severing the inferior vena cava. The left lung and half of the spleen from each animal were homogenized in 0.9% NaCl-0.02% Tween 80 with sterile Teflon homogenizers (Fisher, Pittsburgh, Pa.) or a Minibeadbeater-8 (Biospec Inc., Bartlesville, Okla.). To quantitate viable mycobacteria, organ homogenates were serially diluted 10-fold and plated onto 7H10 agar plates (Remel). Colonies were counted after incubation for 3 weeks at 37°C. Differences in the splenic or lung CFU among groups were determined by using a t test following log transformation.
In vitro restimulation assays. Splenocytes or lung MNC were prepared as described elsewhere and cultured at 2.5 ϫ 10 6 cells/ml in complete media with 1 g of concanavalin A/ml, H37Ra M. tuberculosis sonicate (at 1:1,000, 1:5,000, and 1:25,000 dilutions), or media alone for 48 h at 37°C. Culture supernatants were assayed for cytokines by enzyme-linked immunosorbent assay using antibody pairs and cytokines from Pharmingen (6, 7, 13). Histology. Tissue was preserved in 10% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin or stained for acid-fast bacilli (AFB) as previously described (5) . Random lung sections from five or six individual mice per group were examined for each time point.
Survival studies. Each experimental group consisted of approximately 10 mice (range, 7 to 15 mice), and, after inoculation with M. tuberculosis, the mice were monitored for survival. The results were analyzed by the method of Kaplan and Meier, and the survival curves for each group were compared by using the log rank test (Prism software package; GraphPad, San Diego, Calif.).
RESULTS
Administration of ␣GalCer prolongs the survival of mice infected with M. tuberculosis. To determine whether activated NKT cells influence the response to M. tuberculosis infection, ␣GalCer was administered to inbred mouse strains known to be susceptible to tuberculosis. We previously determined that, following intravenous inoculation with 0.5 ϫ 10 6 to 1.0 ϫ 10 6 CFU of M. tuberculosis (Erdman), the mean survival time (MST) for C3H mice was 28 days and the MST for BALB/c mice was 60 days (13; our unpublished data). A dose of 100 g of ␣GalCer/kg was administered intraperitoneally on days 1, 5, and 9 following infection because this regimen has been shown to be efficacious in reducing tumor metastases (36) . Control mice were infected similarly but received an equivalent amount of the vehicle diluted in PBS. Administration of ␣GalCer prolonged the survival of both BALB/c and C3H mice (Fig. 1) . The MST of BALB/c mice was increased to 91 days from 60 days (P Ͻ 0.0001), and ␣GalCer-treated C3H mice survived more than twice as long as controls (MST of 77 days compared ␣GalCer ameliorates tuberculosis by a CD1d-dependent mechanism. The action of ␣GalCer has been shown to be dependent on CD1d and CD1d-restricted NKT cells both in vitro and in vivo (10, 36) . We have previously shown that the absence of CD1d-restricted T cells had no impact on the survival of resistant C57BL/6 or susceptible BALB/c mice in this model of tuberculosis (5). We confirmed this finding for BALB/c CD1d Ϫ/Ϫ and CD1d ϩ/ϩ mice, which survived similarly following infection with virulent M. tuberculosis following challenge with a range of inoculum sizes (Fig. 2a) . It was likely that the beneficial effect of ␣GalCer on the outcome of infection was CD1d mediated. However, certain mycobacterial lipids are known to directly activate macrophages (14) . To exclude the possibility that ␣GalCer was enhancing macrophage killing of intracellular M. tuberculosis, we treated M. tuberculosis-infected peritoneal macrophages with ␣GalCer but did not observe any reduction in CFU compared to mock treatment (data not shown). In contrast, the action of ␣GalCer was confirmed to be dependent on CD1d by infecting both CD1d Ϫ/Ϫ and CD1d ϩ/ϩ mice followed by treatment with ␣GalCer. The survival of ␣GalCer-treated BALB/c CD1d ϩ/ϩ mice was significantly prolonged compared to that of BALB/c CD1d Ϫ/Ϫ mice ( Fig. 2b ; P Ͻ 0.0001). Therefore, the ability of ␣GalCer to ameliorate disease in susceptible mice was dependent on CD1d. As ␣GalCer is a specific ligand of CD1d-restricted NKT cells, these data suggest that the protective effect of ␣GalCer is mediated by activated CD1d-restricted NKT cells.
Chronic administration of ␣GalCer provided no additional benefit. The dosing regimen employed in our studies was based on experiments showing that ␣GalCer reduced tumor metastases, an end point measured 2 weeks following tumor cell inoculation (16) . As our experiments were much longer, we tested whether prolonged administration of ␣GalCer would result in a greater beneficial effect. The standard protocol (doses given on days 1, 5, and 9) was compared to two other regimens. In one, ␣GalCer was administered every 4 days for the first 30 days following infection (q4 protocol); in the other, ␣GalCer was administered on days 1, 5, and 9, followed by a weekly maintenance dose for 10 weeks (10-week protocol). The differences in survival among the regimens were minor compared to the differences between treated and untreated mice: ␣GalCer-treated mice survived longer than vehicletreated controls with all three dosing regimens. However, longer treatment had less of a beneficial effect: mice treated with ␣GalCer according to the 10-week protocol had significantly decreased survival compared with that for the other dosing regimens (P ϭ 0.042 versus doses on days 1, 5, and 9; P ϭ 0.012 versus q4 protocol) (Fig. 3A) .
Relationship between inoculation and timing of ␣GalCer administration. Entry of M. tuberculosis into macrophages occurs within hours following experimental inoculation. Following intravenous inoculation, the lymphoid organs are directly seeded with M. tuberculosis and the immune response is rapidly generated within 7 days (13). Preactivation of the immune on November 9, 2017 by guest http://iai.asm.org/ system, necessary in ␣GalCer treatment of malaria or Cryptococcus neoformans infection, was not required for the beneficial effect of ␣GalCer in tuberculosis (26, 34) . We were interested to determine the size of the window during which ␣GalCer could protect mice. The survival of the mice was prolonged if ␣GalCer administration was initiated on day 1 or day 5 following M. tuberculosis inoculation (Fig. 3B ). In contrast, initiating treatment on day 8 did not provide any protection compared to treatment with vehicle alone (data not shown). ␣GalCer treatment reduced the bacterial burden in the lung. Mycobacterial replication in the lungs and spleens of infected mice was monitored following inoculation to determine whether ␣GalCer treatment led to a reduction in bacterial burden. A transient reduction in the bacterial burden in the lungs of ␣GalCer-treated mice compared to that in the lungs of vehicle-treated mice was observed. In BALB/c mice, this was most consistently observed between 21 and 35 days after infection (Fig. 4 and data not shown) and was observed in four of six experiments. In C3H mice, differences were observed as early as day 14 following infections (Fig. 4) . No significant changes in the number of bacteria in the spleen were observed. These results suggest that the amelioration of disease by ␣GalCer is mediated in part by activation of bactericidal effector cells.
Lung histology for ␣GalCer-treated mice. Following infection, the lungs of ␣GalCer-treated mice had few AFB; the lungs of vehicle-treated mice had noticeably more bacteria, especially in necrotic areas, mirroring the CFU data (Fig. 4 and  5a to d) . Although large infiltrates were also observed in the lungs of ␣GalCer-treated mice, there was less necrosis and there tended to be greater numbers of lymphocytes in the inflammatory infiltrate. Both perivascular and interstitial lymphoid infiltrates were observed (Fig. 5e and f) . The lymphoid nature of the infiltrates was more evident at higher power (Fig.   5f, inset) . In contrast, vehicle-treated mice had large pulmonary infiltrates composed of mixed inflammatory cells. Although lymphocytes were also observed, these lesions were dominated by macrophages and polymorphonuclear leukocytes ( Fig. 5g and h ; see Fig. 5 h, inset, for a high-power picture of neutrophils in infiltrates). Areas of bronchopneumonia were clearly evident, and frankly necrotic areas were also observed.
Immunological changes following ␣GalCer treatment. To examine whether the antituberculous immune response was altered following treatment with ␣GalCer, splenocytes and lung MNC were briefly stimulated in vitro with PMA and ionomycin and analyzed by intracellular cytokine flow cytometry. No difference in the percentage of IFN-␥-producing CD4 ϩ or CD8 ϩ lymphocytes between vehicle-and ␣GalCer-
Chronic administration of ␣GalCer provided no additional survival benefit. BALB/c mice were inoculated intravenously and then administered vehicle or ␣GalCer. (A) In the standard protocol, vehicle or ␣GalCer was administered on days 1, 5, and 9 (P Ͻ 0.0001); in the q4 protocol, vehicle or ␣GalCer was administered every 4 days for a total of nine doses (P ϭ 0.0004); in the 10-week protocol, vehicle or ␣GalCer was administered on days 1, 5, and 9 and then once a week for 10 weeks (P ϭ 0.0031). (B) BALB/c mice were inoculated intravenously with M. tuberculosis and then divided into groups of nine mice. Two groups were treated by the standard protocol and received ␣GalCer or vehicle on days 1, 5, and 9 following infection. Another group was treated with ␣GalCer on days 5, 9, and 13, and the fourth group was treated on days 8, 12, and 16. The groups that received ␣GalCer starting on day 1 (P Ͻ 0.0001) or day 5 (P ϭ 0.0013) had a prolonged survival compared to vehicle-treated controls.
FIG. 4.
The mycobacterial burden is reduced in ␣GalCer-treated mice. Mice received ␣GalCer or vehicle on days 1, 5, and 9 following inoculation with M. tuberculosis. The inoculum for the experiments shown was 1.1 ϫ 10 6 /mouse. The CFU recoverable from the lung were determined at the indicated times after infection. Each data point is the mean bacterial counts from four to six mice Ϯ standard deviation. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001.
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ACTIVATED NKT CELLS PROTECT MICE FROM TUBERCULOSIS 6305 treated mice was observed ( Fig. 6a and b) . Furthermore, the splenocytes and lung MNC from vehicle-and ␣GalCer-treated mice produced similar amounts of IFN-␥ following stimulation in vitro with crude M. tuberculosis sonicate ( Fig. 6c and d) . Similarly, there was no difference in the amounts of IFN-␥ and IL-12 p40 detected in bronchoalveolar lavage fluid ( Fig. 6e and  f) .
DISCUSSION
Although the absence of CD1d did not adversely affect the mortality of mice following infection with M. tuberculosis, we found that administration of ␣GalCer, a treatment that specifically activates CD1d-restricted NKT cells, significantly prolonged their survival. This effect was dependent on CD1d, indicating that activated CD1d-restricted NKT cells can modulate the immune response to tuberculosis. We observed a reduction in lung CFU and an amelioration of lung pathology in ␣GalCer-treated mice. This result is remarkable as there are few compounds other than cytokines and vaccines that have been shown to enhance the resistance to tuberculosis through their modulation of the immune response (8, 27, (30) (31) (32) 45) . Furthermore, these findings highlight the capacity of activated NKT cells to affect the outcome of infection with microbial pathogens (21, 26, 33) .
In vivo administration of ␣GalCer is known to rapidly activate both the innate and adaptive immune systems, an effect that is dependent on CD1d-restricted NKT cells (11, 12) . For example, NK cells produce IFN-␥ within hours of ␣GalCer administration, and this effect is dependent upon the presence of CD1d and/or NKT cells (12) . Similarly, ␣GalCer leads to the up-regulation of activation markers including CD69 and CD80/86 on T cells and B cells. In vivo administration of ␣GalCer to uninfected mice also induces the production of large amounts of both IL-4 and IFN-␥ and can bias an antigenspecific immune response in favor of a Th1 or a Th2 phenotype (11, 17, 50) . Other factors that regulate the Th1-Th2 balance following stimulation with ␣GalCer have not been completely delineated (11, 50) . For example, when ␣GalCer activates NKT cells in the context of dendritic cells or macrophages, IL-12 production (CD40-40L dependent) shifts the immune response toward a Th1 bias (29, 37) . Presentation of ␣GalCer by B cells leads to the activation of NKT cells in the absence of IL-12, and, under these conditions, the effects of IL-4 may dominate, leading to a Th2-biased immune response (11, 17, 50) . Although one could envision a scenario in which ␣GalCer worsened the course of infection because a protective Th1 response was converted into a Th2-dominated response, this has not been observed. Instead, an improvement in microbial end points following infection with four different pathogens has been observed (21, 26, 33, 34) .
The use of ␣GalCer in other mouse models of infection is associated with a beneficial antimicrobial effect dependent on CD1d-restricted NKT cells (26, 33) . Treatment with ␣GalCer 1 to 2 days prior to inoculation with the sporozoite form of FIG. 5 . ␣GalCer treatment reduced pulmonary injury. BALB/c mice were infected with M. tuberculosis and treated with ␣GalCer (a, b, e, and f) or vehicle (c, d, g, and h). After 4 weeks, mice were sacrificed and the lungs were removed and fixed in formalin. Paraffin-embedded sections were stained with Fite-Faracco stain for AFB (a to d) or with hematoxylin and eosin (e to h). The CFU for this experiment are depicted in Fig.  4 . Although both groups of mice had significant pulmonary infiltrates 4 weeks after inoculation, the ␣GalCer-treated group tended to have greater numbers of lymphocytes within the lesions (e, f, and panel f inset), whereas the vehicle-treated mice had more areas of necrosis and accompanying polymorphonuclear leukocyte infiltrates (g, h, and panel h inset). Bar, 10 m. malaria reduces the parasite load in both blood and liver (26) . The reduction in parasitemia is dependent on IFN-␥ but is independent of IL-12, tumor necrosis factor alpha (TNF-␣), perforin, fas, and NK cells (26) . In the cryptococcus model, ␣GalCer treatment starting on the day of infection enhances IFN-␥ production by CD4 ϩ cells and results in a concomitant reduction in yeast CFU, which is dependent on IFN-␥ but independent of NK cells (34) . Viral immunity is also enhanced following treatment with ␣GalCer. Exley et al. demonstrated that CD1d-reactive T cells mediate resistance against the acute, diabetogenic encephalomyocarditis virus and that ␣Gal-Cer protects mice against end organ damage (21). Kakimi et al. showed that a single injection of ␣GalCer inhibits viral replication in hepatitis B virus transgenic mice and that inhibition is dependent on IFN-␥ and the IFN-␣/␤ receptor but independent of TNF-␣ and inducible nitric oxide synthase 2 (33) . Enhanced antigen-specific immunity is observed following ␣GalCer treatment in these models and is associated with a reduction in microbial burden. The ability of ␣GalCer to enhance the protective immune response to four very different pathogens demonstrates the pervasive ability of activated NKT cells to enhance antimicrobial immunity.
The immune response in mice following infection by M. tuberculosis is strongly Th1 biased, even in mouse strains that are inherently susceptible to tuberculosis (13) . Therefore, we were surprised not see an enhancement of T-cell-mediated immunity, as measured by cytokine production in bronchoalveolar lavage fluid, in vitro recall responses to M. tuberculosis antigens, or intracellular cytokine production following stimulation with PMA and ionomycin. It may be that M. tuberculosis is such a strong Th1 stimulus that IFN-␥ production is already maximal, consistent with the finding that administration of exogenous IFN-␥ to susceptible mice results in little or no improvement in their survival (22, 23) . Therefore, activated NKT cells may act through other pathways to influence the outcome of infection, such as by modulating the innate immune response or by acting directly as effector cells.
Our previous finding that the absence of CD1d did not impair immunity to tuberculosis suggests that, in the absence of ␣GalCer administration, NKT cells do not become activated during M. tuberculosis infection. The reason for this is elusive. Mycobacterial cell wall lipids such as PIM can induce granuloma formation and recruit NKT cells into the inflammatory lesions. We have shown that NKT cells are present, albeit in low numbers, in the lung both before and after infection (unpublished data). The processing of lipid antigens from the cell wall of intact M. tuberculosis may not occur efficiently enough for presentation by CD1d to activate NKT cells. Down-regulation of CD1d expression by infected macrophages, as has been reported for human CD1, may also decrease the effectiveness of antigen presentation to NKT cells (55) . Given that ␣GalCer activation of NKT cells leads to a dramatic protective effect, a better understanding of these processes could lead to strategies to exploit the therapeutic potential of ␣GalCer in the treatment and prevention of tuberculosis and other infectious diseases. 
